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The internal friction and creep deformation behavior of La0.8Ca0.2CoO3 and pure LaCoO3 mixed
ionic electronic conducting perovskite ceramics have been studied by Dynamic Mechanical
Analysis and uniaxial compression under constant applied load, respectively. It was found that both
the internal friction and creep strain were almost an order of magnitude higher for Ca2+ doped
LaCoO3 as compared to pure undoped LaCoO3. The difference in Ca2+ doped LaCoO3 behavior
was attributed to the much higher concentration of point defects (e.g., oxygen vacancies) in the
structure and their interaction with other mobile defects, such as ferroelastic domain/twin walls,
stacking faults, dislocations, etc. Such interactions of numerous point defects with domain walls
produce energetic barriers and slow down the movement of ferroelastic domain walls under
applied stress. At the same time, the defects’ interactions increase the internal friction resulting in a
much higher creep strain of La0.8Ca0.2CoO3 as compared to pure LaCoO3, as the creep strain is
determined by the distance between the domain wall and its equilibrium position at the onset of the
creep process. Therefore, the high friction will result in the larger distance the wall has to move to
reach the equilibrium which in turn results in higher creep strain. The expansion of LaCoO3 under
constant applied compressive stress, named here as negative creep, was also discovered to occur
during room temperature creep experiments. Published by AIP Publishing.
https://doi.org/10.1063/1.5037049
I. INTRODUCTION

Time-dependent deformation behavior plays a determining role in deﬁning the lifetime and operational conditions of
brittle ceramic materials. Among many ceramics, the class of
ferroelastic ceramics, often having a perovskite structure,
shows distinct non-linear stress-strain behavior (Fig. 1),
mostly explained by the mobility of defects, such as grain
boundaries, twins, stacking faults, dislocations, and point
defects during the application of external loading.1–3 The
hysteresis, observed during loading and unloading and
measured by the area enclosed by the stress-strain curves,
represents the mechanical energy dissipated during deformation expressed as mechanical losses.3 The appearance and the
size of the hysteresis during deformation depend on many
factors, such as the types of defects and their concentration
and how these defects interact with one another. The dense
network of different mobile defects can easily provide
stress accommodating mechanisms that can improve the
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mechanical properties of ferroelastic perovskites, such as,
for example, fracture toughness1 or damping capacity; some
of these stress accommodating mechanisms have been studied in depth in the past.4 Domain switching is one of the
most characterized phenomena1,2 and is characterized by
the switching of domains oriented in one crystallographic
direction to another under load application. When domain
switching occurs, the volume fraction of domains with one
preferred crystallographic orientation in the twinned crystal
increases upon application of the stress, while the volume
fraction of domains with a second preferred crystallographic
orientation decreases, when a critical stress is surpassed. If
the direction of applied stress is reversed, the fraction of
domains with a second crystallographic orientation starts
growing while the quantity of domains with the ﬁrst preferred crystallographic orientation decreases.2 In domain
switching or texturing of ceramics, the quantity that characterizes the size of the ferroelastic stress-strain hysteresis is the
coercive stress, which is the stress necessary to reorient or
destroy the domain pattern and dissipate the mechanical
energy during this process. The coercive stress is determined
124, 205103-1
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FIG. 1. Typical stress-strain deformation curves of La0.8Ca0.2CoO3 and
LaCoO3 perovskites obtained under uniaxial compression. Coercive stress
for both compositions is also identiﬁed in the plot.

at the inﬂection point of the corresponding stress-strain diagram. The mechanical energy dissipating mechanisms that
produce stress-strain hysteresis include the drag of point
defects, mainly oxygen vacancies, with domain walls during
stress-induced domain wall movement in ferroelastic
perovskite ceramics.5
Mechanical energy dissipation requires a relaxation process to occur in a material. This process is coupled with a
strain and has a relaxation time corresponding to the frequency of the applied stress.6 As has already been mentioned,
such relaxation processes may depend on the time dependent
mobility of defects, including grain boundaries, twin walls,
stacking faults, dislocations and point defects. It was reported
that relaxation phenomena in LaCoO3, measured by Dynamic
Mechanical Analysis (DMA) and Resonant Ultrasound
Spectroscopy (RUS), appeared to be associated with twin
wall motion, changes in spin states and low temperature magnetic polarons/dipoles. These relaxation phenomena were
considered as being thermally activated processes.6 The overall twin wall relaxation process was reported7,8 to involve a
spread of activation energies rather than a single, discrete
thermally activated step, which is indicative of the fact that
the interaction of twin walls with different defects indeed
involves a variety of local mechanisms. The different pinning
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characteristics of twin walls in polycrystalline LaCoO3 were
also reported to be due to variations in oxygen content in the
perovskite samples.6 It was established that the structure of
the twin walls can occupy a larger volume than the structure
within the twin domains in LaCoO3 and other perovskites.5
Such an increase in the size of domain walls would allow the
stabilization of high spin states of Co3+ ions with a large
ionic radius, as compared to the low spin state of Co3+ ions,
changing the average spin state in the vicinity of the twin
walls as compared to the average spin state within twin
domains. It was also reported on the existence of relatively
high concentrations of oxygen vacancies on the twin walls,
perhaps even as clusters of vacancies or dipoles, as evidenced
from the studies of twin relaxation behavior.6
One of the characteristic features of ferroelastic ceramics,
characterized by the presence of mobile domain walls in the
structure, is room temperature creep. The phenomenon of
room temperature continuous deformation, called creep, was
reported to occur in ferroelectric lead zirconate titanate (PZT)
and BaTiO39–12 and ferroelastic LaCoO3 based ceramics.13,14
In a similar way to the high temperature primary creep, where
the materials’ strain continues to increase with the strain rate
slowing down with increasing strain, the room temperature
creep of ferroelastic ceramics will also exhibit a decreasing
creep rate with time at constant applied stress, indicating a
saturation or exhaustive process.11 In all of the publications,
secondary creep was never found to be exhibited by ferroelastics; thus, it was concluded that room temperature creep is
essentially different from that occurring in materials at high
temperatures. It was reported that one of the microstructural
creep mechanisms, ferroelastic domain switching, is locally
consumable bringing the appearance of an equilibrium strain.
Since only a ﬁnite number of domains are available to
switch, it was concluded that the ﬁnite equilibrium strain
would result after inﬁnite holding time at constant applied
stress.15,16 The schematic of such creep phenomenon is
presented in Fig. 2. A new phenomenological approach for
ferroelastic creep was proposed.13 Creep strain εc ¼ jε  ε0 j
can be described empirically as
εc ¼ Δεeq

~t 0:5
;
0:5
1 þ ~t

(1)

where ε is the total strain, ε0 is the strain at the beginning
of constant stress stage, Δεeq ¼ εeq  ε0 is the equilibrium
strain increment, εeq is the equilibrium (or saturation) strain,
~t ¼ t=τ is the normalized time, t is the time starting from the
beginning of the constant stress stage, and τ is the characteristic time. When t ¼ τ, εc ¼ Δεeq =2 or half of the equilibrium

FIG. 2. Schematic presentation of a stress-strain deformation plot displaying
the phenomenon of creep and negative creep in materials.
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strain increment. The characteristic time of domain switching τ is a very important characteristic of the kinetics of the
domain wall movement, as it can be used to characterize
time-dependent processes and determine how fast or slow
the domain wall movement occurs during deformation.
In all of the reported cases of creep deformation of
ceramics, the strain imposed by the applied stress follows the
direction of the applied stress. It means that, for example, if
the applied stress is uniaxially compressive, it causes the
deformation to be negative, leading to a decrease in the sample’s dimension in the loading direction. Such shrinkage of
the length of the sample would occur both during an increase
in the applied force during loading and during the creep stage
when the compressive force is held constant. Such situations
were reported for PZT, BaTiO3, LaCoO3, and La0.8Ca0.2CoO3
perovskite ceramics.9–13 The behavior of perovskite ceramics,
described as negative creep in this paper, where upon the
application of a compressive constant force, the sample deformation would occur in the direction opposite to the applied
load (Fig. 2) such that, for example, a sample’s length
expands while the sample is held upon constant compressive
force, which, to the best of our knowledge, has never been
considered by anyone in the past. The similar behavior of
nickel-based alloys, metallic glasses, nanocrystalline electrodeposited Ni, and zinc-aluminum cast alloy at elevated
temperatures when the sample deformation occurred opposite
to the applied load direction was also named “negative
creep.”17–21 Negative creep in Refs. 17–21 was explained by
a time and temperature dependent transformation of material’s crystal structure including a change in the density.
The creep deformation of LaCoO3 and La0.8Ca0.2CoO3
perovskites reported in Ref. 13 was measured during relatively short periods of time of 120 s–180 s, and to our knowledge, creep experiments of longer time duration have not
been reported to date, except for the measurement of room
temperature creep of LaCoO3 perovskite for a time duration
of 30 min.14 In this Part I of a 2-part paper, we report our
comparative ﬁndings on the temperature behavior of storage
and loss moduli as well as room temperature creep behavior
of La0.8Ca0.2CoO3 and LaCoO3 perovskites measured during
relatively long periods of time under compression. In Part II
of the paper, we report a neutron diffraction analysis of the
LaCoO3 crystal structure that was performed during in situ
compression loading as well as a discussion of the possible
explanation of such unusual behavior.
II. EXPERIMENTAL

Polycrystalline La0.8Ca0.2CoO3 and pure LaCoO3
ceramic samples were produced by Praxair Surface
Technologies, Specialty Ceramics. Both La0.8Ca0.2CoO3 and
LaCoO3 ceramics are single phase materials with 2–5 μm
grain size and 5%–10% of porosity. The neutron diffraction
patterns of the as-sintered ceramics were measured on a
Vulcan diffractometer, Spallation Neuron Source, Oak Ridge
National Laboratory.22,23 The Rietveld reﬁnement conﬁrmed
that both La0.8Ca0.2CoO3 and LaCoO3 had a rhombohedral
structure with R
3c space group (Fig. 3). The detailed characterization of structural properties of these ceramics is given.2
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FIG. 3. Neutron diffraction patterns and the Rietveld reﬁnement of LaCoO3
(top) and La0.8Ca0.2CoO3 (bottom). The reﬁnement conﬁrms the rhombohedral structure (R-3c space group) and the high purity of both as-sintered
LaCoO3 and La0.8Ca0.2CoO3. Lattice parameters of LaCoO3: a = 5.44301(8)
Å, c = 13.0963(3) Å; lattice parameters of La0.8Ca0.2CoO3: a = 5.43239(8)
Å, c = 13.0969(3) Å.

Test specimens for compression creep testing consisted of a
cylinder of 6 mm in diameter and 12 mm in length, while
20 × 8 × 1 mm3 bars, machined by PremaTech Ceramics,
were used for Dynamic Mechanical Analysis (DMA).
DMA tests were carried out on La0.8Ca0.2CoO3 and
LaCoO3 samples using a single cantilever clamp set-up in a
Q800 instrument (TA instruments, IL, USA). A sinusoidal
stress producing 2 μm constant displacement amplitude (or
0.0036% of constant strain amplitude) was applied to the
sample, while the corresponding strain signal and the phase
lag δ between the stress and strain were recorded.24 The
length of the sample clamp was 17.5 mm. The data were
recorded during heating up to 600 °C with a heating rate of
3 K/min and for stress frequencies of 0.1, 1, 10, and 100 Hz.
The 2 μm amplitude of the samples’ displacement was chosen as sufﬁciently high to obtain large mechanical loss peaks
in DMA experiments; yet, its amplitude was low enough to
avoid cracking or failure of the cobaltite samples.
Uniaxial compression was conducted to produce stressstrain and creep strain deformation plots of cobaltites both
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during continuous loading and during long time duration
creep experiments, respectively. A servohydraulic universal
testing machine (Instron mod. 8511, UK) with a 20 kN load
cell was used to subject the cylindrical test specimens to
compressive loading along the length of the cylinders. At the
beginning of the experiments, the sample was preloaded to
5 MPa and then the load was set to zero, followed by compression testing in load control mode using a loading/unloading rate of 3 MPa/s. For the continuous loading tests, the
sample was continuously compressed until the stress reached
the desired stress level followed by complete unloading
without application of any dwell time at any applied stress
level. For the creep strain, the sample was loaded either to
the coercive stress бcoer, which was measured to be equal to
134 MPa for La0.8Ca0.2CoO3 and 70 MPa for LaCoO3,13 or
to stresses slightly below or above the coercive stress, and
then the sample was held at this constant stress for a predetermined period of time. The axial strain was measured using
three strain gauges (FLA-3‐11-1L, Tokyo Sokki Kenkyujo
Co., Ltd, Japan) mounted on the surface of each sample.
After careful alignment of the sample, the total strain was
determined by averaging the signals from the three strain
gauges. All experiments were performed at room temperature and 40% relative humidity.
III. RESULTS AND DISCUSSION
A. Storage modulus, loss modulus, and internal
friction

Similar to many other ferroelastic ceramics with a second order continuous phase transition,25,26 internal friction
peaks were found to exist when the elastic and anelastic
properties of La0.8Ca0.2CoO3 and LaCoO3 perovskites were
studied using DMA (Fig. 4). Such information on internal
friction peaks, which are indicative of mechanical loss or
damping during anelastic dissipation of mechanical energy,
could be combined with the characteristic relaxation times
for the domain wall movement, thus giving the chance to distinguish different anelastic loss mechanisms to better understand the ferroelastic time dependent deformation behavior
of cobaltites. The elastic modulus and the mechanical damping behavior of cobaltites as a function of temperature and
frequency are shown in Figs. 4 and 5. Both the real part E0
(storage modulus) and the imaginary part E00 (loss modulus)
of the elastic modulus E = E0 + iE00 in a wide frequency
(0.1 Hz–100 Hz) and temperature (RT to 600 °C) range are
shown for La0.8Ca0.2CoO3 and LaCoO3 perovskites in Figs.
4(a) and 4(b), respectively. The mechanical damping
tan δ = E00 /E0 or internal friction of the two cobaltites as a
function of temperature for different frequencies is shown
in Fig. 5.
The storage modulus of La0.8Ca0.2CoO3 decreases from
88 GPa at room temperature to 40 GPa at 600 °C, but such
change in E0 is much less for pure LaCoO3 whose storage
modulus decreases smoothly from 55 GPa at room temperature to 45 GPa at 600 °C (Fig. 4). As one can see from Fig. 4,
the storage modulus of both La0.8Ca0.2CoO3 and pure
LaCoO3 perovskites decrease ﬁrst linearly at the beginning of
heating; however, for both compositions, there is a decrease

FIG. 4. Temperature and frequency dependencies of real (storage modulus)
and imaginary (loss modulus) parts of the elastic modulus of La0.8Ca0.2CoO3
and LaCoO3 perovskites.

in the storage modulus in-between 100 °C (E0 = 80 GPa) and
400 °C (E0 = 45 GPa) for La0.8Ca0.2CoO3 and in-between
200 °C (E0 = 49 GPa) and 350 °C (E0 = 45 GPa) for LaCoO3.
This decrease is much less pronounced for pure LaCoO3,
which, in fact, looked more like a change in the slope at
∼300 °C and occurred in a more narrow temperature range
and to a much smaller degree than for La0.8Ca0.2CoO3 perovskite. The loss modulus E00 of two perovskites versus

FIG. 5. Comparison of temperature and frequency dependencies of internal
friction in La0.8Ca0.2CoO3 and LaCoO3 perovskites.
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temperature is also shown in Fig. 4. Strong loss modulus
peaks can be seen for La0.8Ca0.2CoO3 in the 100–300 °C temperature range where both storage and loss moduli show frequency dependence in the measured temperature range. Such
correlations in storage and loss moduli high temperature
behavior suggests that the signiﬁcant decrease in the storage
modulus of La0.8Ca0.2CoO3 perovskite from 80 GPa at
100 °C to 45 GPa at 400 °C is caused by mechanical damping,
as during the damping events the vibrations between atoms/
ions in the lattice are increased causing the increase in the
bond length and, as a result, in bond weakening, resulting in
signiﬁcant softening of the material. The very same behavior
in terms of simultaneous softening and increase in the damping capacity has been reported for typical viscoelastic materials.27 At higher frequencies, the loss peaks shift to higher
temperatures in La0.8Ca0.2CoO3 and their intensities also
increase [Fig. 4(a)]. The loss modulus E00 of LaCoO3 is also
shown in Fig. 4 as a function of temperature; however, its
values are much smaller (∼1.2 GPa) in comparison with the
much higher values (∼8 GPa) of E00 for La0.8Ca0.2CoO3.
Also, in the case of pure LaCoO3, while there is a certain
degree of correlations between the frequency dependence of
E0 and E00 behavior was also detected, it was found that the
correlation is much weaker than was observed for
La0.8Ca0.2CoO3 perovskite. While more pronounced E00 loss
peaks were measured at the lower frequencies of 0.1 Hz and
1 Hz, at higher frequency 10 and 100 Hz tests, they became
almost invisible, while some disruption and discontinuity
jumps in the data appeared in the 300 °C temperature range
for the DMA results of LaCoO3 [Fig. 4(b)].
The comparison of mechanical damping, represented as
tan δ = E00 /E0 for both La0.8Ca0.2CoO3 and LaCoO3 perovskites, is shown in Fig. 5. As one can see from Fig. 4, the
internal friction in La0.8Ca0.2CoO3 is 5–7 times higher than
in LaCoO3. Such a large difference in the internal friction
and materials’ damping capacity could be explained both
by the availability and the mobility of defects existing in
the perovskite structure. It is known that both the
La0.8Ca0.2CoO3 and LaCoO3 compositions crystallize with a
rhombohedral R
3c structure and both are heavily twinned
materials. The rhombohedral distortion is the highest for
LaCoO3 with a value of α rhombohedral angle equal to
60.815° at room temperature, while the rhombohedral distortion decreases to α = 60.695° at room temperature for
La0.8Ca0.2CoO3 because of doping. Such changes in crystallography might affect the mobility of the twin boundaries,
as well as the materials’ damping capacity during applied
stress both as a function of frequency and temperature. In
addition, doping LaCoO3 with divalent Ca2+ ions introduces
signiﬁcant oxygen nonstoichiometry, and thus numerous
oxygen vacancies in the lattice.28 The presence of these
point defects deﬁnitely affects the damping capacity of the
La0.8Ca0.2CoO3 perovskite as compared to more stoichiometric LaCoO3, as the internal friction in La0.8Ca0.2CoO3 is
signiﬁcantly increased due to the fact that numerous point
defects interact and interfere with moving domain walls,
making their velocity much slower and movement more
difﬁcult while they drag numerous oxygen vacancies and
their complexes along the pathway.
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The damping peaks during anelastic relaxation represent
energy dissipated during mechanical loading at different frequencies due to movement of defects and such frequency
dependence, especially in the case of La0.8Ca0.2CoO3 perovskite, indicates that the underlying mechanism is a thermally
activated process. Since the peak positions depend on the frequency, one can apply the Arrhenius equation to the relaxation rate
τ

1

¼

τ 1
1



Hr
;
exp 
kT

(2)

where τ− is the relaxation time, frequency f = 1/τ, Hr is the
activation energy of the relaxation process, τ 1
1 is related to
atomic jump rates inherent to the speciﬁc relaxation mechanism, k is the Boltzmann constant, and T is the temperature
in Kelvin. The activation energy Hr required for the process
can be estimated from the slope of the straight line of ln f
versus 1/T. Once the activation energy is known, the exact
underlying mechanism causing the appearance of loss modulus peaks can be inferred.
In order to perform the Hr calculation, the positions of
the loss modulus peaks were determined by curve ﬁtting.
The best ﬁt for both La0.8Ca0.2CoO3 and LaCoO3 perovskites’ loss modulus peaks was obtained by ﬁtting three
peaks with the data shown in Fig. 4. Fitting peaks are not
shown in the paper for brevity. The frequency and the temperature of each of these three deconvoluted peaks obtained
assuming a single Debye relaxation model24 were plotted in
an Arrhenius type (ln f vs 1/T) plot in Fig. 6. The activation
energies for these peaks were calculated from the slope of
the best ﬁtted lines in Fig. 6 according to Eq. (2) and their
values are summarized Table I.
It was found that for all three peaks assigned to the
La0.8Ca0.2CoO3 perovskite, the mechanical loss peaks shifted
to higher temperatures and higher intensities with increasing
frequency, which indicates that the process responsible for
damping of all three peaks is thermally activated,24,29 where
the maximum internal friction is deﬁned as tan δmax = Δ/2,
where tan δmax is mechanical damping when ω⋅τ = 1, Δ is
the relaxation strength and ω = 2πf is the angular velocity, f is
the frequency of strain oscillation, and δ is the phase lag
between stress and strain as deﬁned.24 As published,6 the
appearance of the peak with an activation energy of 2.24 eV
can be explained by the movement of the domain walls,
while the appearance of peaks with either lower than 1.32 eV
or higher than 1.83 eV activation energies can be explained
by the existence and movement of numerous oxygen vacancies, which form different dipoles with cobaltite ions in the
lattice of La0.8Ca0.2CoO3. As one might assume, the movements and interactions of both twin walls and numerous oxygen vacancy point defects are responsible for the high
internal friction inside the lattice, which possibly slows down
the mobility of these defect complexes.
For pure LaCoO3, the much higher activation energy
equal to 3.27 eV was found for one of the three peaks, which
shows a frequency dependence, and thus it is clear that the
underlying mechanism responsible for the process is thermally activated. This high activation energy Hr = 3.27 eV
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compositions provide clear evidence that the values for the
loss factor of LaCoO3 (∼0.025), while still much higher than
many other engineering ceramics (∼10−3),33 are still much
lower in comparison with La0.8Ca0.2CoO3 (∼0.14). Such difference in the internal friction of two materials (Fig. 5) can
be explained by the fact that, as a ﬁrst approximation, while
we can assume that the amount of the mobile defects, such
as twin walls and stacking faults is very similar in both compositions, the number of point defects is much higher in Ca
doped LaCoO3. Therefore, the mechanical losses and the
internal friction occurring in this material are much more
dramatic as compared to pure LaCoO3 because of the numerous oxygen vacancies, and their complexes restrict and pin
the domain wall movement by interacting more strongly and
residing inside of the domain walls in much higher quantities
in La0.8Ca0.2CoO3.
B. Creep strain

The creep strain as a function of time measured for
La0.8Ca0.2CoO3 and pure LaCoO3 perovskites is shown in
Fig. 7. As it was previously established in Ref. 13, the creep
strain is larger when the perovskite ceramic is loaded to
the coercive stress level, located at the inﬂection point of the
loading part of the stress-strain deformation plot (Fig. 1). The
coercive stress of 134 MPa was measured for La0.8Ca0.2CoO3

FIG. 6. Arrhenius plots for three ﬁtted peaks of loss modulus vs temperature
plots for La0.8Ca0.2CoO3 and LaCoO3 perovskites.

value is higher than Hr = 1.91 eV, which was assigned to the
movement of the domain walls in LaCoO3 and reported.6
The two other peaks, both located in the 285 °C–340 °C temperature range, showed inﬁnite values, and thus are frequency independent. While such frequency independence of
the mechanical loss was reported as typical for the ﬁrst order
phase transformations,4,24 no phase transition was ever discovered in this temperature range of 250 °C–400 °C in pure
LaCoO3.30 However, the spin state in Co3+ ions and the
semiconductor to metal transitions were studied and reported
to occur around 230 °C, bringing numerous changes in both
the thermal and electrical properties of pure LaCoO3.31,32 In
addition to the two frequency-independent loss modulus
peaks, jumps were also recorded during data collection, suggesting the existence of some very fast, almost instantaneous
processes. The DMA results obtained on two cobaltite
TABLE I. Activation energy of loss modulus peaks.

1st loss modulus peak
2nd loss modulus peak
3rd loss modulus peak

La0.8Ca0.2CoO3

LaCoO3

1.32 eV
1.83 eV
2.24 eV

3.27 eV
…
…

FIG. 7. Creep strain as a function of time measured at a constant stress of
134 MPa for La0.8Ca0.2CoO3 and at a constant stress of 70 MPa for LaCoO3
perovskites.
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and 70 MPa for LaCoO3 perovskites, and these stress levels
were used as the constant stress for the creep testing of the
La0.8Ca0.2CoO3 and LaCoO3 samples presented in Fig. 7,
respectively. As it was discussed in detail,13 the creep strain
of La0.8Ca0.2CoO3 exhibits a decrease in the creep rate with
time at a constant applied stress [Fig. 7(a)], indicating a saturation or exhaustive process. The direction of the creep strain
measured on La0.8Ca0.2CoO3 follows the direction of the
applied compressive stress leading to a further shrinkage of
the length of the sample, as the load applied during the experiment is a compressive one. It was expected to observe a
similar creep strain behavior for pure LaCoO3 perovskite
composition; however, the measured data show completely
different and very unusual behavior [Fig. 7(b)]. To the best of
our knowledge, such behavior has never been reported before
for ferroelastic ceramics in the past. As one can see from
Fig. 7(b), the creep strain of LaCoO3 measured during the ﬁrst
1800 s of the experiment showed initially an increase in
creep strain with a decrease in the creep rate with time at a
constant applied stress, similar, but about one order of magnitude smaller, to the behavior exhibited by La0.8Ca0.2CoO3
[Fig. 7(a)]. However, at test times longer than 1800 s, the
creep strain started decreasing, which indicated an axial expansion of the sample, while still under constant compressive
stress of 70 MPa.
To verify, if such an expansion of the sample upon
applied constant compressive stress was not an experimental
artifact, additional tests were carried out at three different
constant stress levels: (a) 44 MPa, which lies below 70 MPa
coercive stress; (b) 70 MPa, which is at the coercive stress;
and (c) 110 MPa, which lies above 70 MPa coercive stress of
LaCoO3. The results of this experiment are shown in Fig. 8,
where, as one can see, the expansion (negative creep) of the
sample kept under a constant applied compressive load
occurs in all three cases, but it becomes more pronounced
with an increase in the applied constant stress (i.e., the negative creep is the least pronounced when the sample was
loaded at 44 MPa which is below LaCoO3’s coercive stress,
and it became very visible for the test performed at 70 MPa,
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FIG. 9. Creep strain in LaCoO3 measured at a constant stress of 70 MPa for
5.68 days.

and even higher negative creep became visible when the
sample was preloaded to 110 MPa above LaCoO3’s coercive
stress value. By simply looking at the plots presented in
Figs. 7(b) and 8, two parts of the creep strain curves could be
clearly distinguished. The ﬁrst part of the curve appeared
during the initial portion of the creep strain versus time plots,
where the time is equal to or does not exceed about 1800 s.
In this part, the creep strain values increase as a function of
time with the strain rate decreasing up to the point when
creep strain reaches a maximum value. After reaching the
maximum, the creep strain begins to decrease with increasing strain rate and then with a decreasing strain rate as a
function of time.
To verify the above behavior, even longer creep experiments on LaCoO3 were performed, where the dwell time at
70 MPa constant compressive stress was extended from
15 000 s (4.17 h) to 491 000 s (5.68 days). The results of such
long experiments (5.68 days) on the creep strain are shown in
Fig. 9. As one can see from Fig. 9, both creep (shrinkage)
followed by negative creep (expansion) of LaCoO3 were
recorded within ﬁrst 4 h of the test. Then, periodic cyclic variations in creep strain as a function of time were recorded for
the rest of 132.32 h. Upon an analysis of these periodic ﬂuctuations, it was established that they occurred within 24 h
and coincide with the occurrence of day and night periods in
the lab. As the temperature in the laboratory, where the
experiments were performed, was not controlled by a thermostat, it was assumed that the temperature apparently equilibrates for a couple of degree difference during the day and
night periods due to the difference in the outside temperature, and this difference in the surrounding environment was
the reason for the expansion and contraction of the sample,
as measured by the strain gauges. The explanations for the
possible origin of the negative creep in LaCoO3 are discussed in Ref. 34.
IV. CONCLUSIONS

FIG. 8. Creep strain measured for LaCoO3 samples at constant compressive
stress of 44 MPa (below coercive stress), 70 MPa (at coercive stress), and
110 MPa (above coercive stress). Experiments were conducted at Queen
Mary University of London.

The ferroelastic behavior of LaCoO3 based perovskites
results in hysteresis and mechanical energy dissipation during material’s deformation upon loading. This energy dissipation requires the relaxation processes and time dependent
behavior, such as creep, to occur in these materials. Both
relaxation processes and creep deformation depend on the
availability and mobility of the defects, such as grain boundaries, twin walls, stacking faults, dislocations, and point
defects or even occurrence of the phase transition in the perovskites during loading. It was established that in cobaltites,
much higher internal friction tan δ, directly associated with
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the loss modulus measured by DMA, occurred in
La0.8Ca0.2CoO3 perovskite ceramic as compared to pure
LaCoO3. Much higher tan δ values were found to be associated with the presence of much higher quantities of oxygen
vacancies in the crystal lattice of Ca2+ doped LaCoO3
formed due to the need to maintain the charge neutrality.
These vacancies interact with the domain walls, acting as
pinning points to the domain walls and slowing them down
and preventing them from moving fast. At the same time, the
availability and the mobility of these defects affected not
only hysteresis measured in stress-strain deformation or frequency dependent internal friction, but it also deﬁned time
dependent room temperature creep deformation of
La0.8Ca0.2CoO3 and LaCoO3 perovskites measured during
uniaxial compression. It was found that room temperature
creep strain of La0.8Ca0.2CoO3 showed a decrease in the
creep rate with time at the constant applied coercive stress
бcoer = 134 MPa, indicative of a saturation process. The
creep strain of La0.8Ca0.2CoO3 perovskite led to further
shrinkage of the sample length, which was in perfect agreement with the direction of the applied compressive stress.
However, the creep strain of LaCoO3 showed very different
behavior, such that, at ﬁrst, it showed an increase in the creep
strain indicative of the sample’s contraction, followed by a
decrease in the creep strain, which indicated an axial expansion of the sample all that occurred at a constant applied
compressive stress. The appearance of such expansion of the
sample under applied compressive stress was termed
“negative creep” in this article. It was also shown that the
negative creep was a function of constant applied compressive stress, as the expansion of the sample increased when
constant stress increased from 44 MPa (below coercive
stress) to 70 MPa (at coercive stress) and to 110 MPa (above
coercive stress of LaCoO3). It is also important to notice that
while in many compressive experiments we performed the
negative creep of LaCoO3 was detected, while in our many
other time-dependent experiments LaCoO3 exhibited an
ordinary creep deformation when only shrinkage of the sample was measured during the application of constant applied
compressive stress. The reasons for such different behavior
are still to be found out.
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